Introduction {#s1}
============

In order to ensure agriculture sustainability, efforts have been made by researchers and farmers to reduce the use of fertilizers and pesticides. This challenges the maintenance of efficient and profitable agrosystems being able to face demographic growth. Because of their ability to fix atmospheric N~2~, legume species can improve the sustainability of cropping systems by helping to decrease the use of nitrogen fertilizers and favouring the diversification of crop rotations ([@PLU006C12]; [@PLU006C15]). Also, seeds or forages of legumes are among the richest sources of proteins in crops, with a high nutritional value for animals ([@PLU006C15]). However, the potential productivity of legumes has not been reached, mainly because of a strong sensitivity of these species to lodging and foliar diseases ([@PLU006C36]). This is in particular the case for pea (*Pisum sativum*), which is the main source of vegetable proteins in Europe. In this context, the increasing interest in growing cereal--legume intercrops (IC), such as wheat--pea mixtures, represents an alternative for reintroducing legume species in cropping systems. Several studies reported that these mixtures can provide high and stable yields compared with pure mono-specific stands ([@PLU006C37]; [@PLU006C22]; [@PLU006C9]; [@PLU006C20]). Such advantages result from a balance between complementary (e.g. separate root and canopy areas) and competition processes for light, water and nitrogen that occur between intercropped species. These complex interactions depend on the pedo-climatic conditions, agricultural practices and also on the morphology and functioning of the component species ([@PLU006C9]; [@PLU006C26]; [@PLU006C28]; [@PLU006C35]; [@PLU006C3]).

The latter point is mainly related to the choice of cultivars, which therefore appears as a determinant factor of (i) the proportion of each component species at harvest and (ii) mixture productivity. Cultivars are usually discriminated according to their earliness, sensitivity to diseases or potential yield. However, in the particular case of multi-specific stands, the above-ground architecture of a cultivar, given by its geometry, optical properties and topology of the phytoelements ([@PLU006C17]), should also be taken into account. Indeed, plant architecture defines the plant interface with biotic (e.g. with *Mycosphaerella pinodes*; [@PLU006C6]; [@PLU006C27]) and abiotic factors (e.g. light; [@PLU006C40]). In the case of multi-specific stands, the complementarity between the architecture of the mixed species represents a crucial issue as it will determine their respective ability to compete for light that in turn drives the production and allocation of biomass ([@PLU006C47]; [@PLU006C43]).

For pea, several genes involved in the development of the above-ground architecture have been identified (for a review see [@PLU006C21]). For instance, numerous *ramosus* mutants were described because of their altered branching behaviour ([@PLU006C1]). Plant height can also be altered through mutations made on genes involved in internode growth ([@PLU006C25])*.* Genetic control of the compound leaf shape of pea has also been assessed and appears to be related to the *UNIFOLIATA* gene ([@PLU006C18]). Precocity of pea cultivars has been shown to be regulated by genes (*Hr* and *Lf*) that control the sensitivity to photoperiod for floral initiation and flowering ([@PLU006C32], [@PLU006C33]). These studies have promoted the breeding of several pea cultivars with contrasting architectures that therefore constitute as much as potential combinations for wheat--pea IC. Characterizing the morphogenesis (sequence of developmental and growth processes leading to plant architecture) of these various pea genotypes is therefore of major interest for improving the management of intercropped stands. Several descriptors can be used to characterize pea architecture, the most commonly used being those related to the leaf area and its spatial distribution as this strongly determines a plant\'s ability to compete for light interception. On a finer scale, both the amount and distribution of foliar area are related to the number and geometry of stems and leaves produced during the initiation of each phytomer by the apex. A phytomer is defined as a basic unit repeated along the stem and including an internode, a node, a leaf and one or several axillary buds ([@PLU006C19]; [@PLU006C49]). The sharing of resources within multi-specific stands also depends on the respective height reached by the component species ([@PLU006C43]; [@PLU006C42]; [@PLU006C28]; [@PLU006C4], [@PLU006C5]). Although the architectural parameters involved in the leaf area and height of plants are key factors of the mixture development, they have been mainly described in mono-specific growing conditions (for a review see [@PLU006C30]). However, the morphogenesis of plants can be highly plastic when facing environmental variations; hence the question arises as to whether morphogenetic variations can occur between mono- and multi-specific stands.

The aim of the present study was therefore to characterize the variability of pea morphogenesis grown either in pure stands or mixed with wheat. In order to have a large range of plant architectures and morphogenetic responses, a field experiment was performed using three pea cultivars with contrasting growth habits. The growth and phenology of the pea cultivars were measured regularly during their growing cycle. This study provides information at both stand and plant scale in order to identify plant traits of interest that can contribute to the conception of plant ideotypes.

Methods {#s2}
=======

Plant material and growing conditions {#s2a}
-------------------------------------

A field experiment was carried out in 2010--11 at Brain-sur-l\'Authion, western France (47°26′N, 00°26′W) in a clay soil (51 % clay, 26 % silt and 23 % sand). Daily mean air temperature, precipitation and photosynthetically active radiation (PAR) were recorded by a standard automatic agro-meteorological station located close to the field.

Winter wheat (*Triticum aestivum*) cv. Cézanne and three cultivars of winter field pea (*Pisum sativum*), cv. Lucy (hr type), AOPH10 (hr type) and 886/01 (HR type), were sown on 28 November 2010 in sole crops (SC) and IC. Unlike hr types, flowering of the HR cultivar is sensitive to photoperiod. The sowing density of SC was 250 plantsm^−2^ for wheat. Optimal densities of pea cultivars were chosen with respect to their ability for lateral development and the underlying risk of lodging. Sole crops composed of pea cultivars Lucy and AOPH10 were sown at 80 plantsm^−2^ whereas cultivar 886/01 was sown at 40 plantsm^−2^. Intercrops followed a substitutive design where the two species were mixed within the row. Wheat and pea crops in IC were sown at half their respective density in pure stands. From seedbed preparation to harvest, local agronomic recommendations were followed and pest and weed were chemically controlled. Stands of sole wheat were fertilized with 14 g N m^−2^ whereas pea SC and wheat--pea IC were not supplied with external nitrogen.

Statistical analyses described below were thus performed considering two factors: (i) pea genotype with three levels (Lucy, AOPH10 and 886/01) and (ii) cropping system with two levels (SC and IC). A sole crop of wheat was added to those six treatments but was not considered for statistical analyses. These seven treatments (3 SC of pea, 3 IC and 1 SC of wheat) were arranged in experimental units of 1.2 × 10 m^2^ within a randomized complete block design with three replicates.

Plant sampling and measurement of pea morphogenesis {#s2b}
---------------------------------------------------

On the one hand, integrated parameters defined at canopy scale (biomass, height, yield) were measured in each plot. Samplings were carried out on 0.75 m^2^ in the centre of each experimental unit. The above-ground biomass and the maximal height of each SC (wheat and pea) and IC plot were measured during the growing cycle at 645, 1525 growing degree days (GDD) from emergence (base temperature 0 °C) and, lastly, at crop maturity (Table [1](#PLU006TB1){ref-type="table"}). The land equivalent ratio (LER) for grain yields of wheat--pea IC was also estimated according to [@PLU006C14]. Land equivalent ratio is the sum of partial LER values for wheat (LER~wheat~) and pea (LER~Pea~): $$\documentclass[12pt]{minimal}
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}{}$$\hbox{LER}_{{\rm wheat}} = \displaystyle{{Y_{{\rm ICw}} } \over {Y_{{\rm SCw}} }}, \quad \hbox{LER}_{{\rm pea}} = \displaystyle{{Y_{{\rm ICp}} } \over {Y_{{\rm SCp}} }}, \quad \hbox{LER = LER}_{{\rm wheat}} + \hbox{LER}_{{\rm pea}} $$\end{document}$$ where *Y*~ICw~ and *Y*~SCw~ are yields of wheat and pea in IC, respectively, and *Y*~SCw~ and *Y*~SCp~ are yields of wheat and pea in SC, respectively. Land equivalent ratio values above 1 indicate a benefit of intercropping over sole cropping. Table 1.Harvest time, expressed in growing degree day (DD) from emergence (base, 0 °C), of pea and wheat grown in SC and in IC.SpeciesGenotypeHarvest time in SC (DD)Harvest time in IC (DD)PeaLucy19002275PeaAOPH1019852275Pea886/0121302275WheatCézanne22752275

On the other hand, specific measurements on pea cultivars were made at plant scale. The morphogenesis of five pea plants per plot was characterized for each vegetative axis, i.e. main stems and lateral branches. Only one branch at each nodal position of the main stem was followed up. Branches were denoted according to their topological position, i.e. main stems were denoted as Axis-0, then branches that emerged from node *n* of the main stem were referenced as Axis-*n*. For each axis group, the kinetics of phytomer appearance (unfolding leaf visible to the naked eye) were measured and fitted with Schnute\'s non-linear model ([@PLU006C41]) using the least-squares method. The model is written as $$\documentclass[12pt]{minimal}
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}{}$$y = \left[ {y_{\max }^B \displaystyle{{1 - \hbox{e}^{ - A(t )} } \over {1 - \hbox{e}^{ - A({t_{\max } } )} }}} \right]^{1/B} + \, \varepsilon _i $$\end{document}$$ where *y* is the number of visible phytomers; estimated parameters are *A* and *B* which implicitly define the shape of the curve; *t*~max~ is the last value of the time (*t*) domain for which the model is fitted, corresponding to the end of the vegetative development of the stem; parameter *y*~max~ is the value of *Y* at *t*~max~ and *ɛ* is the residual. Parameters were optimized using the Levenberg--Marquardt iterative method ([@PLU006C29]) with automatic computation of the analytical partial derivatives. The fitting procedure was performed for each axis group of each plant. The first derivatives of Schnute\'s adjustments were also used in order to estimate the rates of phytomer production of the pea cultivars.

Statistical analyses {#s2c}
--------------------

Exploratory data analysis, analysis of variance and non-linear regression techniques were performed with R software ([@PLU006C38]). Analyses of variance (ANOVAs) were performed following a two-factor linear model such that$$\documentclass[12pt]{minimal}
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}{}$$y_{ijk} = \mu + B_i + G_j + C_k + ({G \times C} )_{\,jk} + \varepsilon _{ijk} $$\end{document}$$ where *Y* is any dependent variable, *µ* the mean value of *Y*, *B~i~* the effect of block *i*, *G~j~* the effect of genotype *j*, *C~k~* the effect of cropping system *k* (either SC or IC) and *ɛ* the random error of measurement *ijk*.

Normal distributions of the residuals of ANOVAs as well as those of Schnute\'s adjustments were tested using the Shapiro--Wilk test. Homoscedasticity was checked by random distribution of the residuals. Tukey\'s HSD tests were used for mean separation when three or more means were compared.

Results {#s3}
=======

Environmental conditions during crop growth are summarized in Fig. [1](#PLU006F1){ref-type="fig"}. The daily average air temperature ranged from −4 °C to 27 °C on 31 January and 27 June, respectively (Fig. [1](#PLU006F1){ref-type="fig"}A). Irrigation supplied 30 mm of water on 21 April and 27 May 2011. The daily cumulated PAR (Fig. [1](#PLU006F1){ref-type="fig"}B) ranged from 2.70 to 108.70 mol m^−2^ on 31 December 2010 and 25 June 2011, respectively. Figure 1.Meteorological conditions during the growing season 2010--11 at Brain-sur-l\'Authion, France. Daily mean air temperatures and rainfall are shown in (A). Vertical arrows represent a water supply of 30 mm by irrigation. Daily cumulated PAR is shown in (B). The horizontal arrow represents the growing period of pea and wheat stands.

Growth of SC and IC stands {#s3a}
--------------------------

The results described in this section are derived from measurements at the whole stand scale. First, the biomass accumulation of each crop is shown in Fig. [2](#PLU006F2){ref-type="fig"}. The above-ground biomass of the two species increased from 645 to 1525 GDD and then slowed down until maturity (Fig. [2](#PLU006F2){ref-type="fig"}A). Wheat SC showed the highest amount of biomass during the growing cycle and finally reached 1830 g m^−2^. The final above-ground biomass accumulated by the three pea cultivars in SC ranged from 880 to 1275 g m^−2^. On average, '886/01' exhibited the lowest biomass in SC throughout the growing cycle and finally reached 880 ± 67 g m^−2^. This lower biomass has to be related to its sowing density, which was 50 % of the other cultivars (see the Methods section). Intercropped wheat (IC stands) accumulated on average 1230 g m^−2^ of biomass of all IC stands taken together. Pea grown in IC stands produced 220--325 g m^−2^ of biomass at maturity. At this stage of development, the final biomass reached by IC stands was 1500 g m^−2^ averaged across pea cultivars (Fig. [2](#PLU006F2){ref-type="fig"}B). Wheat in IC contributed to the main part of the mixture biomass (on average 3.75 times the biomass of pea). Although cultivar 886/01 exhibited the lowest biomass in SC stands, this cultivar produced more biomass when intercropped with wheat compared with 'Lucy' and 'AOPH10', despite being sown at half density. Figure 2.(A) Accumulation of above-ground biomass as a function of thermal time from emergence (base temperature = 0 °C). Sole crops are shown in closed symbols and IC in open symbols. Pea cultivars are in solid lines: Lucy is denoted by circles (filled, open), AOPH10 by squares (filled, open) and 886/01 by diamonds (filled, open). Wheat is in dotted lines with triangles (filled) in SC, and with the corresponding pea cultivar symbol in IC (open circles with 'Lucy', open squares with 'AOPH10' and open diamonds with '886/01'). (B) Contribution of wheat (white bars) and pea (black bars) in the final biomass reached by SC and IC stands.

Harvest of IC stands (Table [1](#PLU006TB1){ref-type="table"}) was performed when wheat reached maturity (2275 GDD). For pea grown in SC, harvest was made earlier, i.e. between 1900 and 2130 GDD depending on the cultivar. Cultivars Lucy and AOPH10 (hr types) reached their maturity earlier than '886/01'. Indeed, cultivar 886/01 (HR type) needs a longer photoperiod to reach flowering and was therefore harvested later than hr cultivars. As a result, the maturity of cultivar 886/01 and that of wheat were reached in a similar period (2130 and 2275 GDD, respectively).

Land equivalent ratios for grain yield (LERs) were estimated for IC (Fig. [3](#PLU006F3){ref-type="fig"}). Although wheat SC stands were fertilized with nitrogen and IC stands were not, the partial LER of wheat was systematically higher than 0.5 (0.65 on average) whatever the companion pea cultivar. Thus, wheat yields in IC were higher than those in SC when normalized by the sowing density (wheat density in IC was half that of SC but yields were reduced by \<35 %). Land equivalent ratios of IC stands composed of cultivars Lucy and AOPH10 were slightly \<1, meaning that the cumulative yield of wheat and pea in IC stands was lower than the sum of each SC yield. Analysis of partial LERs of 'Lucy' and 'AOPH10' (0.3 and 0.2, respectively) revealed that their yield markedly decreased in IC compared with pure stands. In contrast, the yield of IC based on cultivar 886/01 was 25 % higher than the cumulative yield of wheat and '886/01' in SC. In these IC stands, the yield of '886/01' was strongly increased compared with SC conditions (LER~886/01~ = 0.62 on average). Interestingly, the ratio of the final above-ground biomass of '886/01' in IC to that of '886/01' in SC (0.37, Fig. [2](#PLU006F2){ref-type="fig"}B) was smaller than the grain yield ratio (LER~866/01~). This means that the harvest index (ratio grain yield/above-ground biomass) was particularly high in intercropped '886/01'. Figure 3.Land equivalent ratio of each wheat--pea mixture. Land equivalent ratio values \>1 indicate a benefit of intercropping over sole cropping. *N.B.:* unlike pure stands of pea and IC, wheat SC were fertilized with external nitrogen.

Wheat plants grown in SC and IC stands exhibited similar height and reached a maximum of 0.95 m (Fig. [4](#PLU006F4){ref-type="fig"}). Wheat grown in IC was taller than pea from the early stages of development and whatever the pea cultivar. The height reached by the pea cultivars was variable, depending on the cropping system (SC or IC stand). The canopy height of sole pea crops reached a maximum of 0.83--0.94 m for 'Lucy' and 'AOPH10', respectively. The height of sole pea finally decreased dramatically at the end of the growing cycle as a result of plant lodging. However, the height of pea cultivars grown in IC stands remained over 0.70 m, meaning that pea plants grown in IC were staked by wheat stems thus preventing pea lodging. The species height ratio (pea/wheat) in IC is shown in Table [2](#PLU006TB2){ref-type="table"}. The height ratio ranged from 0.33 to 0.48 at 700 GDD, meaning that pea cultivars were strongly dominated in the first stages of development, especially for '886/01'. From 1330 GDD on, the Lucy and AOPH10 cultivars were slightly shorter than wheat, whereas '886/01' reached the height of wheat. Table 2.Height ratio of wheat--pea mixtures according to the growing degree day (GDD).GenotypeHeight ratio (pea/wheat)700 GDD1330 GDD1525 GDD2275 GDDLucy0.450.870.850.80AOPH100.480.930.930.96886/010.330.971.021.03 Figure 4.Observed height of canopies during the growing cycle. Sole crops are shown in closed symbols and IC in open symbols. Pea cultivars are in solid lines: Lucy is denoted by circles (filled, open), AOPH10 by squares (filled, open) and 886/01 by diamonds (filled, open). Wheat is in dotted lines with triangles (filled) in SC, and with the corresponding pea cultivar symbol in IC (open circles with 'Lucy', open squares with 'AOPH10' and open diamonds with '886/01').

Morphogenesis of pea cultivars {#s3b}
------------------------------

In a second step, measurements were made at plant scale in order to compare the morphogenesis of pea cultivars grown in pure stands with those intercropped with wheat.

### Lateral branching of pea plants {#s3b1}

The total number of branches (including non-flowering ones) produced by individual pea plants is shown in Fig. [5](#PLU006F5){ref-type="fig"}A according to their nodal position on main stems. Most lateral branches emerged from the first and second phytomer of the main stems (Axis-1 and -2) whatever the cropping system (SC and IC) and pea cultivar. Very few branches were produced on the third phytomer of the main stems (only nine branches, all cultivars and cropping systems taken together). Cultivars Lucy and AOPH10 grown in SC developed on average 3--4 branches per plant whereas cultivar 886/01 in SC was the most branching with about 6 branches per plant on average. Nevertheless, a significant effect of the genotype on the number of branches was only found for Axis-2 (ANOVA *F*~2,82~ = 13.93, *P* \< 0.001). Indeed, cultivar 886/01 produced significantly more branches of type Axis-2 than Lucy and AOPH10 cultivars did (HSD *P*\< 0.001). The ability of the 886/01 cultivar to develop numerous lateral branches appeared to compensate for its lower sowing density as shown by its biomass accumulation, which was similar to those of cultivars Lucy and AOPH10 (Fig. [2](#PLU006F2){ref-type="fig"}). Significant effects of the cropping system on the number of Axis-1 (*F*~1,82~ = 14.33, *P*\< 0.001) and Axis-2 (*F*~1,82~ = 5.48, *P*\< 0.05) were also found. Indeed, pea cultivars grown in IC tended to develop fewer branches than in SC. The most drastic decrease was observed for cultivar 886/01, which produced 40 % less branches in IC (HSD *P* \< 0.01 and \<0.05 for Axis-1 and -2, respectively). However, for 'Lucy' (−11 %) and 'AOPH10' (−22 %) intercropped with wheat, it was not possible to detect any significant differences in the number of branches between the two cropping systems, probably because of the high variability observed. Figure 5.Lateral branching of pea cultivars (*n* = 15 plants for each condition). (A) Number of lateral branches developed by the pea cultivars Lucy, AOPH10 and 886/01 grown in SC and in IC. (B) Time of branching expressed in thermal time from crop emergence. Branches were distinguished according to their nodal position on the main stem. Axis-1: branches emerged at the first node; Axis-2: second node; and Axis-3: third node.

Lateral branches emerged between 275 and 420 GDD, all cultivars and cropping systems taken together (Fig. [5](#PLU006F5){ref-type="fig"}B). Although they were initiated later, branches that developed on the second phytomer of the main stem (Axis-2) appeared 70 GDD earlier than those located on the first node (Axis-1). Indeed, in most cases, the first phytomer (carrying the first vestigial leaf) is located a few millimetres under the ground. This may mechanically delay the emergence of branches, depending for instance on the sowing depth or soil structure, which also affect the quantity of light perceived by the axillary bud ([@PLU006C23]). Statistical analyses showed that there was a significant effect of the genotype on the time of branch emergence (*F*~2,87~ = 5.09, *P*\< 0.01; *F*~2,166~ = 3.20, *P*\< 0.05 for Axis-1 and -2, respectively). Indeed, branches developed on cultivar Lucy emerged significantly earlier than those of '886/01' (HSD *P* \< 0.01 and \<0.05 for Axis-1 and -2, respectively), while 'AOPH10' had an intermediary behaviour. There were however no significant differences in the time of branch emergence between SC and IC stands, meaning that this parameter of pea morphogenesis was mainly dependent on the genotype.

As shown above, pea genotypes produced several branches during the first 500 GDD. This led to complex plant architectures with a high potential number of stems per plant. For the sake of clarity, we only consider hereafter one branch at each node of the main stems. As a result, plant architectures were simplified to a main stem potentially bearing one branch on its first three nodes (see Fig. [5](#PLU006F5){ref-type="fig"}A). However, only a part of these stems actually grew and completed their development up to flowering. As shown in Fig. [6](#PLU006F6){ref-type="fig"}, very few main stems of pea flowered. This was in particular the case of cultivars 886/01 (0 % of flowering main stems) and Lucy (0--20 % of flowering main stems for IC and SC, respectively). Flowering of main stems was significantly dependent on the cultivar (*F*~2,10~ = 6.83, *P*\< 0.05). Indeed, the proportion of 'AOPH10' plants that had flowering main stems (25--45 % in IC and SC, respectively) was statistically higher than that of cultivar 886/01 (HSD *P* \< 0.05). Nevertheless, most flowering stems of the three pea cultivars were Axis-1 and -2 branches. For cultivars Lucy and AOPH10, there were 85 % more of Axis-1 branches that carried on growing until flowering compared with Axis-2 (regardless of the cropping system). In contrast, the proportion of flowering Axis-1 of cultivar 886/01 was similar to Axis-2. Pea plants grown in SC and those intercropped with wheat exhibited similar proportions of flowering stems. Figure 6.Frequency of pea plants grown in SC and in IC whose measured branches have reached flowering. Branches were distinguished according to their nodal position on the main stem. Axis-1: branches emerged at the first node; Axis-2: second node; and Axis-3: third node (*n* = 15 plants for each condition, only one single branch was considered at each nodal position).

### Rate of phytomer appearance and final number of phytomers {#s3b2}

Phytomer production by stem apices followed sigmoid-type dynamics as illustrated in Fig. [7](#PLU006F7){ref-type="fig"}. These dynamics were fitted with Schnute\'s function. In order to reduce the variability on Schnute\'s parameters (Table [3](#PLU006TB3){ref-type="table"}), stems that stop growing before flowering were not taken into account in the fitting procedure. The first three parameters of Schnute\'s function, *A*, *B* and *t*~max~, respectively, ranged from 0.36 to 4.30 × 10^−3^, 0.13 to 0.56 and 1164 to 1476 GDD averaged across cultivars and cropping systems (SC and IC). The shape parameters *A* and *B* of Axis-2 branches appeared to be significantly dependent on pea cultivar (*F*~2,33~ = 6.43, *P* \< 0.01; *F*~2,33~ = 12.23, *P*\< 0.001 for parameters *A* and *B*, respectively). Indeed, parameters *A* and *B* of Axis-2 branches produced by cultivar 886/01 were statistically higher than those of 'Lucy' and 'AOPH10' whatever the considered cropping system (HSD *P* *\<*0.05 and \<0.01 for *A* and *B*, respectively). We did not find any significant effect of the cropping system on parameters *A* and *B*. The duration of phytomer production (parameter *t*~max~, expressed from stem emergence) appeared to be similar among the different cultivars and cropping systems. Supplementary statistical analyses were also performed in order to compare the kinetics of phytomer production of the different stems. For cultivar Lucy, the kinetics of phytomer production were statistically different between main stems and branches (HSD *P* *\<*0.05 and \<0.01 for *A* and *B*, respectively). These analyses showed that parameter *B* was significantly different between Axis-1 and -2 branches of cultivar 886/01 (HSD *P* \< 0.05). Table 3.Parameters (*A* × 10^−3^, *B* and *t*~max~) of Schnute\'s adjustments made on the kinetics of phytomer appearance for each pea cultivar (Lucy, AOPH10, 866/01) grown in SC or in IC. Schnute\'s adjustments were performed for each flowering stem (0: main stem; 1: branch developed on the first node of the main stem; 2: second node). Indicated values are the mean ± SD (*n* = 15 plants for each cultivar and cropping system).AxisParameterStandLucy SCLucy ICAOPH10 SCAOPH10 IC886/01 SC886/01 IC0*A* (×10^−3^)0.36 ± 0.18--2.50 ± 1.540.82 ± 1.16----*B*0.56 ± 0.04--0.27 ± 0.100.45 ± 0.17----*t*~max~1415 ± 148--1378 ± 2041257 ± 82----1*A* (×10^−3^)2.36 ± 1.492.80 ± 0.994.30 ± 4.742.48 ± 2.181.88 ± 0.952.01 ± 1.89*B*0.19 ± 0.120.13 ± 0.110.18 ± 0.220.24 ± 0.210.16 ± 0.130.25 ± 0.15*t*~max~1294 ± 1901288 ± 831164 ± 3361288 ± 2341279 ± 1351336 ± 1992*A* (×10^−3^)2.36 ± 0.862.63 ± 0.532.21 ± 1.382.49 ± 0.0711.86 ± 1.462.18 ± 1.27*B*0.18 ± 0.090.14 ± 0.040.19 ± 0.090.17 ± 0.080.34 ± 0.080.25 ± 0.11*t*~max~1362 ± 1111352 ± 221292 ± 2241378 ± 501476 ± 521365 ± 242 Figure 7.Typical kinetics of phytomer appearance on a vegetative stem of the pea cultivars. Observed values are in closed symbols. Non-linear adjustment (solid line) was performed using Schnute\'s equation.
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The last parameter of Schnute\'s adjustments to be analysed is the final number of phytomers (*y*~max~). The number of phytomers produced on flowering stems ranged from 9 to 32 averaged across pea cultivars and cropping (Fig. [8](#PLU006F8){ref-type="fig"}). A marginal proportion of flowering stems exhibited \<15 phytomers (1 % for 'AOPH10', including main stems and Axis-2 branches). Stems with \>15 phytomers were mainly branches developed on the first and second phytomer of main stems. This behaviour was however different in the case of cultivar AOPH10, for which ∼20 % of flowering stems were main stems with \>20 phytomers. Statistical analyses also showed that the final number of phytomers measured on Axis-1 and -2 branches was dependent on the cultivar (*F*~2,60~ = 58.24, *P*\< 0.001; *F*~2,37~ = 25.66, *P* \< 0.001 for Axis-1 and -2, respectively). Indeed, cultivar 886/01 produced significantly more phytomers than 'Lucy' and 'AOPH10' did (HSD *P* \< 0.001 for both Axis-1 and -2 branches). The final number of phytomers was not statistically different for pea plants grown in pure stands or intercropped with wheat. Figure 8.Frequency of flowering stems according to the final number of phytomers. Measurements were made on three pea cultivars: Lucy, AOPH10 and 886/01 grown in SC and in IC with wheat. Results are shown for stems that reached flowering. Main stems are denoted as Axis-0 and branches were distinguished according to their nodal position on the main stem. Axis-1: branches developed at the first node; Axis-2: second node; and Axis-3: third node (*n* = 15 plants for each condition).

### Flowering {#s3b3}

The reproductive development of pea cultivars was characterized by the time of flowering of each stem, as well as the nodal position of the first flower. Flowering stage was reached between 950 and 1400 GDD for AOPH10 IC and 886/01, respectively (Fig. [9](#PLU006F9){ref-type="fig"}). For a given cultivar and cropping system, flowering was synchronized between main stems and branches. However, flowering of Axis-1 and -2 branches was significantly different among the pea cultivars (*F*~2,61~ = 1717.29, *P* \< 0.001; *F*~2,37~ = 1452.78, *P* \< 0.001 for Axis-1 and -2, respectively). Indeed, the flowering stage of cultivar 886/01 was reached significantly later (1400 GDD) than for 'Lucy' and 'AOPH10' (HSD *P* \< 0.001 for both cultivars). The first flowering phytomer (Fig. [10](#PLU006F10){ref-type="fig"}) was located between the ninth and the 28th phytomer averaged across pea cultivars and cropping systems. First flowers of cultivar 886/01 (Axis-1 and -2 branches) were observed at higher phytomer positions (24th phytomer on average) than those measured for 'Lucy' and 'AOPH10' (HSD *P* \< 0.001 for both axis group and cultivars). As observed for the time of flowering, the nodal position of the first flower was similar between pea plants grown in pure stands and those mixed with wheat whatever the cultivars. Figure 9.Time of flowering of pea cultivars Lucy, AOPH10 and 886/01 grown in SC or in IC. Main stems are denoted as Axis-0 and branches were distinguished according to their nodal position on the main stem. Axis-1: branches developed at the first node; Axis-2: second node; and Axis-3: third node (*n* = 15 plants for each condition). Figure 10.Plant frequency according to the first flowering phytomer of stems. Results are shown for the pea cultivars Lucy, AOPH10 and 886/01 grown in SC or in IC (*n* = 15 plants for each condition). Main stems are denoted as Axis-0 and branches were distinguished according to their nodal position on the main stem. Axis-1: branches developed at the first node; Axis-2: second node; and Axis-3: third node.

Discussion {#s4}
==========

The aim of the present study was to address the question of the morphological responses of pea to the competition when intercropped with wheat. To this end, a field experiment was conducted on three pea cultivars that were characterized at both stand and plant scale when grown in pure stands and mixed with wheat.

Although the present study was conducted throughout 1 year only, our results on crop biomass, species height and maturity were consistent with previous studies performed on different cultivars grown under contrasting pedo-climatic conditions (e.g. [@PLU006C10]; [@PLU006C35]). The results presented in this study can therefore be assumed to be representative of the conditions commonly encountered in wheat--pea mixtures. These results were obtained from unfertilized mixtures as usually performed in cereal--legume intercropping systems. Furthermore, some authors ([@PLU006C22]; [@PLU006C9]) found that the contribution of the component species to the biomass of the mixture was dependent on the available nitrogen, an increase of which enhances the growth of the cereal species. The level and timing of nitrogen fertilization ([@PLU006C34]; [@PLU006C35]) therefore constitute a key factor enabling one to manage the hierarchy between the mixed species. The present study also shows that the three pea cultivars exhibited a similar level of biomass, especially when grown in mixtures. This suggests that despite the genotypic differences and contrasting initial sowing densities, the three pea cultivars had a similar overall development even when they were in competition with wheat. However, this does not necessarily mean that the morphological processes of the pea cultivars had similar responses to the competition with wheat, but their integration at the stand scale leads to an equivalent growth in biomass.

Our results also show that pea was strongly affected by lodging when grown in SC. [@PLU006C11] reported that the high sensitivity of pea to lodging caused significant yield losses as well as an enhanced growth of weeds. Pea lodging was however strongly decreased in mixed stands, pea branches being stacked by wheat. Intercropping cereals and legumes is therefore a promising way of both reintroducing legume species within agrosystems and solving the problems encountered in pure stands of legumes. Moreover, the height reached by each species in the canopy is an important feature of the stand which determines, but also emerges from, the competition processes occurring between plants. Component species height ratio has been widely shown to affect light sharing in a mixture ([@PLU006C43]; [@PLU006C28]; [@PLU006C4], [@PLU006C5]) and is therefore a strong component of the inter-specific competition occurring within the mixture. The results described in the present study illustrate that the species height ratio is not constant throughout the growing cycle; pea cultivars were much shorter than wheat until 700 GDD and then reached a similar height. Differences among pea cultivars were also observed but were not constant over time. Although '886/01' was the shorter one in the early stages of development, this cultivar finally reached the same height as that of wheat afterwards. Therefore, it seems that the competition which occurs among the intercropped species cannot be assessed by punctual measurements of the species height ratio (in particular during the early stages of development). This is consistent with the findings reported in a previous study ([@PLU006C5]) where a virtual plant approach was used to demonstrate that the ability of plants to intercept light was mainly determined by the architectural parameters involved in (i) the LAI (number of branches and phytomers, leaf area) during the early stages and (ii) plant height (internode length, number of phytomers) once canopy closure was established.

The time lag between the physiological maturity of wheat and pea is a well-known issue of these mixtures. The choice of harvest timing is indeed complicated by the fact that pea generally reaches its maturity earlier than wheat. Nevertheless, physiological maturity of pea varies among the cultivars according to their earliness, which is assumed to be mainly driven by the sensitivity of flowering to the photoperiod that involves the *Hr* gene ([@PLU006C32]). The maturity of the HR cultivar (886/01) was therefore almost synchronized with that of wheat, whereas the hr cultivars had to be harvested earlier. Gaps of maturity, as encountered with hr cultivars, represent a strong practical constraint at harvest ([@PLU006C28]); HR pea cultivars therefore appeared to be well suited to intercropping with wheat.

In order to deepen the analysis of the variability of pea morphogenesis in response to intercropping, a comparison was performed at plant scale with particular attention to pea branching, flowering, final number of phytomers and their kinetics of appearance. Branching has been shown to be dependent on several factors such as genotype, hormonal balance, environmental factors, e.g. low temperatures ([@PLU006C23]), and also plant density ([@PLU006C44]). In the present study, contrasting abilities for branching were indeed found between the genotypes \[Lucy--AOPH10\] and 886/01. Cultivar 886/01 was the most branching cultivar, which balanced its lower sowing density (50 % less than 'Lucy' and 'AOPH10'). Moreover, the number of branches tended to decrease in IC compared with pure stands, in particular for cultivar 886/01. Some authors like [@PLU006C7], [@PLU006C2] or [@PLU006C16] showed that branching of several species is affected by the quantity (PAR) and quality (red/far-red ratio) of light perceived by the axillary buds. In the present study, we can therefore hypothesize that quantity of light and/or its quality were quite similar between the respective pure stands and IC of cultivars Lucy and AOPH10. This would mean that the replacement of a 'Lucy' or an 'AOPH10' plant by a wheat one leads to similar variations of light microclimate. This could be the result of small differences in the architectural patterns of the two species in terms of leaf area, height, geometry and/or optical properties. As cultivar 886/01 has a late development (HR type), we can also hypothesize that when branching started, wheat plants were more developed than neighbour '886/01' pea plants would have been in a pure stand. This could cause variations of the microclimate perceived by axillary buds, leading to an inhibition of branching.

The kinetics of phytomer appearance were assessed for main stems and a randomly selected branch at each node by using non-linear fittings. Our analysis showed that there were few statistical differences between the parameters belonging to the different genotypes and cropping systems. It was only found that (i) Axis-2 branches of cultivar 886/01 had kinetics different from those of 'Lucy' and 'AOPH10' and (ii) the maximum rate of phytomer appearance of '886/01' was reached later compared with the other cultivars. These results mean that the kinetics of phytomer production of different stems can be analysed/modelled by using similar Schnute\'s functions, at least for Lucy and AOPH10 cultivars whether they were grown in sole stands or mixed with wheat. [@PLU006C46] also reported similar rates of leaf primordium initiation and emergence for contrasting plant growth rates, cultivars and sowing densities in spring pea. One drawback of using Schnute\'s function lies in the fact that some of the parameters, especially *A* and *B*, cannot be directly related to a biological meaning. It would be tempting to use linear regressions because of the reduced number of parameters and easy interpretation. However, phytomer production is not intrinsically constant and is actually characterized by a maximum rate (which can be estimated by the derivative of Schnute\'s functions) and a time at which development stops. These aspects cannot be handled by linear models. Supplementary statistical analyses (data not shown) showed that the residual sum of squares was significantly higher for linear regressions than that obtained with Schnute\'s function (HSD *P* \< 0.001). These tests also indicated that the residuals of most linear regressions were not normally distributed and have means differing from zero. Nevertheless, the estimated parameters derived from Schnute\'s adjustments were highly variable. This variability is related to pea branching which is rather complex, particularly in the case of winter-sown cultivars. Winter conditions often cause frost damage, which induces the cessation of the development of the main stems and the initiation of numerous branches at different times (Fig. [5](#PLU006F5){ref-type="fig"}A and B). The result is a high variability in the characteristics of branches.

In the present study, a significant difference was observed among the pea genotypes for the final number of phytomers reached on stems. Indeed, '886/01' (HR type) was found to produce more phytomers than the other cultivars. Similar results were also reported for this particular cultivar but grown in controlled conditions and individual pots ([@PLU006C5]). In contrast, the number of initiated phytomers was similar whether pea plants were grown in pure stands or mixed with wheat, whatever the genotype. Moreover, our results show that the canopy of the three pea cultivars was mainly composed of branches as main stems had stopped growing with few phytomers. As reported by [@PLU006C23], the development of branches is increased in winter pea cultivars because of the frost damage experienced on the apex of the main stem. Such conditions were encountered during the first months of the growing cycle (December--February; Fig. [1](#PLU006F1){ref-type="fig"}) which corresponds to the emergence of the lateral branches (Fig. [5](#PLU006F5){ref-type="fig"}B).

Flowering is a crucial stage of the growing cycle that has been widely studied and used in order to model pea growth. [@PLU006C45] showed that the time of flowering is a function of leaf appearance rate and position of the node bearing the first flower. The reproductive development of pea cultivars was therefore characterized by two main indicators: the nodal position of the first flower and its emergence time. As also reported by [@PLU006C24], we found similar time of flowering between main stems and basal branches (although these were produced later) for all cultivars and cropping systems. Furthermore, the position of the first flowering node was similar among the genotypes and cropping systems. Some authors also showed that for a given genotype, the position of the first flowering node was constant over various conditions ([@PLU006C39]; [@PLU006C31]).

Finally these results highlight that in the present experiment, the morphogenesis of pea was mainly determined by the genotype and was only little affected by the competition with wheat. This suggests that the architectures of pea and wheat may be quite similar, so that the environmental conditions perceived by plants in the canopy (phylloclimate; [@PLU006C8]) were not strongly different between sole pea crops and wheat--pea mixtures. Functional--structural models ([@PLU006C48]; [@PLU006C13]) are able to take into account the explicit architecture of plants and its interactions with physiological processes and environmental conditions. Such models therefore constitute suitable tools for assessing these hypotheses and can in particular be used to characterize the microclimate perceived by plants located in mono- and multi-specific stands.

Conclusion {#s5}
==========

To our knowledge, the present study is the first to compare the morphogenesis of pea grown in sole stands with that of pea grown intercropped with wheat. On the one hand, the present results show that most of the assessed parameters of pea morphogenesis (phenology, branching, final number of phytomers and their kinetics of appearance) were mainly dependent on the considered genotype. This emphasizes the importance of the selection of cultivars, in particular for intercropping systems, as this will determine the level of competition and complementarity between the component species. On the other hand, there was a low variability of pea morphogenesis between sole and mixed stands except for plant height and branching of the late cultivar 886/01. Complementary studies on wheat--pea mixtures under contrasting levels of nitrogen fertilization are now needed to provide information on how nitrogen would affect plant morphogenesis and inter-specific competition. The information provided in the present study can be used for modelling pea morphogenesis in pure and mixed stands and therefore contributes to a better understanding of the functioning of cereal--legume IC. This kind of approach is also well suited for the identification of plant traits to be integrated in the definition of plant ideotypes.
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